The ability to predict progression of disease in patients with Alzheimer disease (AD) would aid clinicians, improve the validation of biomarkers, and contribute to alternative study designs for AD therapies.
Results: Both initial MMSE (hazard ratio, 0.95 (0.002); z=4.19; PϽ.001) and the calculated preprogression rate (hazard ratio, 1.06 (0.019); z=3.16; P =.002) were significant in determining time to clinically meaningful decline during longitudinal follow-up (Cox regression analysis). Slow, intermediate, and rapid progressors (based on preprogression rates) experienced significantly different time intervals to clinically meaningful deterioration, with the slow progressors taking the longest time, the intermediate progressors in the middle, and the rapid progressors reaching the end point first (log rank 2 1 =9.81, P =.002).
Conclusion:
An easily calculable rate of early disease progression can classify patients as rapid, intermediate, or slow progressors with good predictive value, even at initial presentation.
Arch Neurol. 2001; 58:449-454 N EWLY DIAGNOSED patients with Alzheimer disease (AD) and their families frequently ask: How severe is the disease? How fast will it progress? How much longer do I have before it gets bad? The ability to predict progression rates would aid clinicians, patients, and patients' families in decision making. Models for predicting progression would also help to validate putative biomarkers, which should correlate better with progression rates than with severity if they reflect the active pathogenic process. Finally, better predictive models would affect the design of clinical trials by making it possible in some cases to use changes in individual progression rates to assess the efficacy of disease-modifying therapies.
Natural history studies as well as data on placebo groups in AD clinical trials have documented tremendous betweensubject and between-group variability of measured progression rates. This reported heterogeneity likely reflects multiple phenomena, including (1) true differences in disease progression rates between patients; (2) differing properties, ie, floor and ceiling effects, of the measures selected; (3) differences in the end points selected to represent progression (cognitive decline, functional decline, nursing home placement, or death); (4) other methodological differences, such as the number of patients, duration of followup, and interval between visits; (5) differences in medical comorbidities; and (6) as age at onset, sex, duration of illness, and the presence or absence of extrapyramidal features are associated with the time to progression as assessed by nursing home placement, drop in Mini-Mental State Examination (MMSE) score, or death. [1] [2] [3] Others have suggested that the initial stage of disease at the beginning of the observation period ("how far") is an important predictor of subsequent decline ("how fast"). 3, 4 Most staging measures fail to document linear decline over the course of AD, 5, 6 and as a result both "bilinear" 7 and "trilinear" 8,9 models of decline have been proposed. However, no clear, predictive models of progression have been developed and validated for AD.
PATIENTS AND METHODS

PATIENTS
Three hundred and thirty-six patients were recuited to our ADRC and diagnosed with probable (78%) or possible (22%) AD according to established criteria. 12 Patients were selfreferred or physician-referred and most often came for an initial diagnostic evaluation. Approximately half were from the greater Houston area, and the rest were from elsewhere in Texas or from other states. All eligible subjects who met the following criteria were analyzed for this study: complete demographic data, a standardized physician's estimate of duration prior to diagnosis, an initial-visit MMSE score of 5 or higher, at least 1 year of follow-up, and at least 3 MMSE scores. The requirements for a minimum follow-up and minimum number of MMSE scores were designed to improve the reliability of the estimated slopes of observed MMSE score decline. 13 Thirty-eight subjects did not meet the eligibility criteria: 1 lacked the physician's estimate of duration; 10 had initial MMSE scores lower than 5; 18 had only 2 MMSE scores; and 8 had less than 1 year of follow-up at the time of the analysis. Ninety percent of our subjects were white; 65% were women; and the overall mean (SD) age was 70 (8.3) years. The mean education level was 13 (3.5) years, and the mean duration of symptoms prior to diagnosis in our center was 3 (1.8) years.
MEASURES
Duration of symptoms was estimated according to a standardized ADRC protocol: we interviewed the patient and all available informants, reviewed medical records to look for previous chronologies of symptoms, and asked the patient's caregiver to estimate the duration of 34 symptoms commonly associated with AD. The physician then estimated the duration of symptoms to the nearest half year after resolving any discrepant information through further questioning and by relating time frames to the patient's life events.
A preprogression rate was calculated for each patient according to the following formula: (MMSE score [expected]−MMSE score [initial]) / physician's estimate of duration [in years]). The expected MMSE score was derived from a table of age-and education-corrected population-based norms. 14 The importance of using MMSE normative data rather than assuming that the premorbid MMSE should be a perfect score of 30 for every patient is illustrated by the following example: a healthy 60-year-old man with a college degree would be expected to score 29, whereas a normal 20-year-old man with 4 years of education would only be expected to score a 20. 14 Based on calculated preprogression rates, patients were stratified into slow (0-1.9 MMSE points per year), intermediate (2-4.9 MMSE points per year), and rapid progressors (Ն5 MMSE points per year). The cutoff points were based on literature showing that average group decline is usually in the range of 2 to approximately 4 points per year. 5, 6 We therefore set this range as intermediate, and defined slow and fast in relation to it. Twenty patients in whom the preprogression rate was unexpectedly less than 0 were considered a separate group for the analysis.
The observed progression rate during follow-up was obtained by the formula (MMSE score [last]−MMSE score [initial] ) / interval between follow-up visits (years). For generating Kaplan-Meier curves and performing Cox regression analysis, we chose as our clinical progression end point a drop of 5 or more points on the MMSE score from the initial clinic visit. This value was chosen to reflect clinically meaningful cognitive decline. Few patients' scores decline this much in a typical year, and patients who improve or "back-cross" on the MMSE score rarely achieve a 5-point improvement in score. 15 
STATISTICAL ANALYSIS
Basic statistics (ie, frequencies for categorical variables, means, and SDs for continuous variables) for the following variables were initially determined for the group as a whole: sex, ethnicity, age, education, expected MMSE score (normative), physician's estimate of symptom duration, initial-visit MMSE score, calculated preprogression rate, follow-up years, observed progression rate, and percentage of patients reaching the end point of a 5-points decline in MMSE score.
Pearson's r (with Bonferroni corrections for multiple comparisons) was used to test for linear correlations between the continuous variables. Analysis of variance was used to test whether the continuous variables of interest differed for the groups stratified into slow, intermediate, rapid, or "negative" progressors, based on the calculated preprogression rate, with the 2 test used for the categorical variables. Cox regression analysis was used to look for predictors of the time to a 5-point decline in MMSE score. After testing the assumption of proportional hazards (Schoenfield residuals), 1-variable, 2-variable, and finally multivariable Cox equations were considered, using the following variables: age, sex, education level, physician's estimate of duration, initial-visit MMSE score, and preprogression rate. Age and education level were considered both as continuous and categorical variables (age, Ͻ65 years vs age Ն65 years; education, high school or less vs more than high school). These models were assessed with and without the small group of 20 individuals with a negative preprogression rate. The overall fit of the models was assessed by the Cox-Snell residuals, and the model accuracy and outliers were assessed by the pattern of deviance residuals. 16 Finally, we constructed Kaplan-Meier curves depicting the time to 5-point or greater MMSE score drops for the estimated slow, intermediate, and fast progressors, and analyzed the separation of these groups over time with the log rank test.
Alzheimer disease likely begins histopathologically many years before clinical symptoms are apparent. 10 The insidious onset of symptoms makes it difficult for patients and families to be certain that an abnormal cognitive state has actually started, and often complicates the initial diagnosis. Patients therefore come to medical diagnosis at variable intervals after the first symptoms begin. Previous studies have reported average estimates of disease duration from 3 to 4.5 years at the time of first clinical presentation. 4, 6, 11 At the time of presentation, a period of symptomatic disease has therefore existed for long enough to allow an estimate of initial rates of decline, reflecting disease activity prior to the inclinic observation of progression (preprogression). We hypothesized that this calculated preprogression rate of decline would be predictive of subsequent disease progression (ie, rapid initial progressors would continue to decline more rapidly than slow initial progressors), but the relationship would not be linear. We therefore developed a simple procedure for estimating initial progression at the patient's first visit, and examined the ability of this measure to accurately predict the time to significant clinical decline during subsequent longitudinal observation in our Alzheimer's Disease Research Center (ADRC) at Baylor College of Medicine, Houston, Tex. We also examined the value of several previously reported variables, including age at onset, sex, level of education, duration of symptoms, and initial severity, for predicting observed progression.
RESULTS
The mean (SD) normalized MMSE score was 28 (1.4); initial MMSE score, 20 (6.3); and last MMSE score, 12 (8.7). The calculated preprogression rate for the group of 298 subjects was 3 (3.4) points per year on the MMSE score, and the mean observed progression during follow-up was 3 (3.2) points per year. At the time of the analysis, 33% of the subjects had been observed for 1 year, 28% for 2 years, 18% for 3 years, and 22% for 4 or more years, with continued follow-up ongoing. For 20 subjects, the initial-visit MMSE score was higher than the population-derived expected MMSE score, indicating that the normative score was not accurate for these subjects, and yielding a negative preprogression rate.
The MMSE values and progression rates as well as the average duration, average follow-up, and percentage reaching the end point are given for the 298 patients in Table 1 .
Significant correlations between the demographic and progression variables are given in Table 2 . As expected, the preprogression rate correlates negatively with its components: initial MMSE score and duration of symptoms. Also as expected, the initial MMSE score correlates with the final MMSE score, and correlates negatively with the symptom duration. Observed progression rate did not correlate with the initial MMSE score, perhaps reflecting the nonlinearity of progression as assessed by this measure (confirmed by a graph of the 2 variables, not shown), and the preprogression rate did not correlate with the observed progression rate or time to event, probably for the same reason.
Stratification by preprogression rates classified 123 patients as slow, 110 as intermediate, and 65 as rapid pro- gressors, and 20 as negative progressors. Since the clinical significance of this last group (comprising patients with higher MMSE scores at presentation with dementia than would be predicted if they were not demented) is unknown, the analysis was performed both with and without this group. Data for slow, intermediate, and rapid progressors is given in Table 3 . Analysis of variance testing for differences in age, length of follow-up, and 2 analysis of sex percentages did not reveal differences across the stratified groups, but education level did differ across the preprogression categories (N = 298; F 3,294 = 5.18, P=.002). Negative preprogressors had a mean (SD) 11 (3.6) years of education vs 14 (3.2) years for slow, 13 (3.8) for intermediate, and 12 (3.1) years for rapid progressors. Because analysis of variance assumptions were not met for initial MMSE scores across preprogression categories, this variable was examined by the KruskalWallis test and showed significant differences ( 2 3 =14.51, P=.002), with a gradient of lower scores with more rapid preprogression rates, as would be expected. The physician's estimate of duration also differed in the KruskalWallis test, with the shortest duration in the most rapidly progressing subjects ( 2 3 =65.99, PϽ.001). The results were the same with and without the 20 subjects with negative preprogression rates, and were the same when we used a MMSE of 30 (instead of the normalized score) in the preprogression formula.
Rapid progressors, intermediate progressors, slow progressors, and patients with negative preprogression rates were equally likely to reach the end point of a 5-point or greater MMSE score drop ( 2 3 =4.30, P=.23). Seventythree percent of the patients in this study experienced this degree of decline in the course of follow-up, reflecting the fact that we achieved sufficient follow-up for patients in all groups to detect significant progression. Individual Cox regression analyses examining age (continuous or categorical), sex, education level (continuous or categorical), duration, calculated preprogression rate, and MMSE score at first visit, individually, as predictors of time to event showed that only the preprogression rate (hazard ratio [ 04; CI, 0.847-0.996) were simultaneously significant, but none of the other variables yielded P values close to significant. When the 20 negative preprogressors were omitted, only initial visit MMSE score remained significant in the Cox model that included initial visit MMSE scores. Models using multiple (Ͼ2) variables in addition to either preprogression or initial-visit MMSE score did not yield any other significant variables. The model of choice is therefore either preprogression alone or initial MMSE score with duration if the negative preprogressors were excluded. When the analysis was repeated on the probable AD group alone (n=233), preprogression and intial MMSE score, but not duration, were significant. The power was too low to draw any conclusions for the possible AD group (n=65). Findings of the Cox-Snell residuals suggest that the model using both initial-visit MMSE score and duration may fit slightly better than the preprogression rate, but the pattern for deviance residuals did not distinguish between the 2 models (data not shown).
Kaplan-Meier curves comparing the time to event for the slow, intermediate, and rapid preprogressors are shown in the Figure. The log rank test demonstrated that the time to event was different when the 3 groups ( 2 2 =20.17, PϽ.001) vs the 4 groups (creating a separate group for the 20 patients with a negative preprogression rate) were considered (data not shown). The mean (SD) time to a 5-point MMSE score drop (end point) was 2.3 (1.42) years for the slow progressors, 1.8 ( ing equal to or above the median initial MMSE score (21 points) with those below it were also generated (not shown), and the log rank test demonstrated significant differences ( 2 1 =9.81, P=.002). A post hoc analysis comparing the relationship between MMSE score severity group (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) , and 20-30 MMSE points) and subsequent observed progression rate (Ͻ 0, 0-1.9, 2-4.9, Ն5 MMSE points/y) was negative ( 2 3 = 10.26, P= .11).
COMMENT
Progression rates of AD are variable between subjects, and a graph of cognitive decline vs time does not yield a linear function over the course of the disease. Nonetheless, we have shown that progression rates in AD show some consistency in that patients who begin with progression rates that are more rapid than average (Ն5 MMSE points per year) continue to experience clinically significant decline sooner than patients who begin at slow (Յ2 points per year) or average rates (2-4.9 points per year). We used a calculated rate of progression, reflecting disease activity prior to the initial visit (the preprogression rate) as well as data obtained by longitudinal follow-up of up to 10 years of 298 patients in our ADRC. Several of our results support this conclusion of consistency in progression: (1) Kaplan-Meier curves graphing the time to significant clinical decline that show continued separation of the slow, intermediate, and rapid preprogressing patients; (2) standardized estimates of disease duration were shorter for those classified as rapid preprogressors, and longest for the slow preprogressors, with the intermediate preprogressors showing times in the middle; and (3) the fact that initial visit MMSE scores were lowest for patients who were rapid preprogressors, with the expected gradient for the intermediate and slow groups.
Our data support previous reports that AD-associated drop in MMSE scores over time is nonlinear [5] [6] [7] [8] [9] : there was no simple correlation in our study between preprogression rates and observed progression rates, despite the fact that the average (SD) preprogression rate (3 [3.4] MMSE points per year) was similar to the observed progression rate for the group (3 [3.2] points per year). We did observe a relationship between preprogression and the observed time to significant clinical deterioration, defined as the time to a 5-point drop on the MMSE score. Selection of the time to clinically significant worsening as our primary outcome measure and use of a survival analysis allowed us to discover the importance of preprogression rates to subsequent deterioration on the MMSE score, even though decline on this measure is not linear.
Our model differs from that of Stern et al 3 in several ways. First, their model seeks to predict mean progression rates (and variances), whereas ours is an attempt to predict the interval before clinical decline. Their predictors were derived from one population and applied to another, while ours were derived from a single population. Theirs is a multicenter study while ours is a single-center study, although the number of patients included in the 2 studies is comparable. The 2 models are compatible but lead to different information: after applying their approach, a patient can be given a mean time and range before reaching nursing home placement or death. After applying our method, the patient might be told whether he/she is declining at a rapid or a slow rate, and how long it might be before clinically meaningful deterioration occurs, of a nature to be reflected on the MMSE score.
Our results also show that, for modeling purposes, knowing the duration of symptoms in addition to the initial visit MMSE score (2 of the 3 components of preprogression rate) is as good as knowing the preprogression rate. However, combining these variables into the simple formula that we used to calculate preprogression rates makes the data points more useful in a clinical setting, and the predicted time to clinical deterioration was similar with both methods. The use of the preprogression rate was problematic for 20 subjects who had higher MMSE scores when they presented with dementia than the population-based norms would have predicted for their best normal scores. Most of these individuals had relatively low (less than high school) educational levels, suggesting that the normative MMSE values we used for this study 14 might not be as accurate for subjects with lower educational levels. However, when these 20 negative preprogressors were excluded from the analysis, or when we substituted an MMSE score of 30 in place of the normalized score, the predictive value of the preprogression rate remained significant.
In conclusion, our data suggest that it is reasonable to calculate a patient's rate of progression prior to presentation and to use this information to predict whether subsequent clinical decline will occur at a shorter-thanaverage, average, or longer-than-average interval. These findings are limited because we used only the MMSE score as a measure of decline. Future studies will investigate whether the MMSE-based preprogression rate is predictive of decline on other measures. Also, we have not yet observed all of the subjects throughout the duration of their disease, so our findings apply only to individuals observed for at least a year and up to 10 years. We do not know whether the predictive utility of the preprogression rate is equally strong in the first, second, or third years, etc. Better understanding of the preprogression rate will likely lead to models of progression in AD that can be used for clinical prognostication, validation of putative biological markers, and for designing clinical trials of disease-modifying therapies where patients' preprogression rates may serve as controls for their postintervention rates of decline.
